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ABSTRACT 

We present high-precision photometry of the hypervelocity star SDSS J090745. 0-1-024507 (HVS), 
which has a Galactic rest-frame radial velocity of u = 709 kms~^, and so has likely been ejected from 
the supermassive black hole in the Galactic center. Our data were obtained on two nights using the 
MMT 6.5m telescope, and is supplemented by lower precision photometry obtained on four nights 
using the FLWO 1.2m telescope. The high- precision photometry indicates that the HVS is a short- 
period, low-amplitude variable, with period P — 0.2 — 2 days and amplitude A = 2 — 10%. Together 
with the known effective temperature of Toff ~ 10,500 K (spectral type B9), this variability implies 
that the HVS is a member of the class of slowly pulsating B-type main sequence stars, thus resolving 
the previously- reported two- fold degeneracy in the luminosity and distance of the star. The HVS has 
a heliocentric distance of 71 kpc, and an age of < 0.35 Gyr. The time of ejection from the center of 
the Galaxy is < 100 Myr, and thus the existence of the OS constitutes observational evidence of a 
population of young stars in the proximity of the central supermassive black hole ~ 0.1 Gyr ago. It is 
possible that the HVS was a member of a binary that was tidally disrupted by the central black hole; 
we discuss constraints on the properties of the companion's orbit. 
Subject headings: Galaxy Center - Stellar Dynamics 



1. INTRODUCTION 

In their su r vey o f blue horizontal branch (BHB) stars, 
iBrown et alJ (|2005) discovered that the Galactic halo 
star SDSS J090745. 0-^024507 (hereafter HVS) has a ra- 
dial velocity of 853 ± 12 kms~^. This corresponds to a 
Galactic rest-frame radial velocity of ~ 700 kms~^, well 
above the local escape speed from the Galaxy. As re- 
viewed bv IBrown et alJ l)2005(l . the only plausible mech- 
anism for achieving this extreme velocity is ejection 
from the vicinity of the central sup ermassive black hole 
(CBH), as predicted by'Hilld l)1988D . and studied in de- 
tail by Yu & Trcmainc (200^. The detection of the HVS 
and other hypervelocity stars is important because it al- 
lows one to probe the population of stars near the CBH 
in the Milky Way's recent past. In addition, it may be 
possible to use these stars to constrain the various sce- 
narios for the origi n of the young stars detected near 
the Galact ic center (Gcnzcl ct al. 2003; Ghcz ct al. 2005^ 
IGould fc Gu illen 2003; Hansen & Milosayljcvic 200^)- 
Finally, precise proper motion measurements of hyperve- 
locity stars ejected from the Galactic cent er can be used 
to pr obe the shape of the Galactic halo liGned in et al.l 
I200I . 

The intrinsic luminosity and distance to the HVS suf- 
fers from a two-fold degeneracy which hampers the in- 
terpretation of its origin. This degeneracy arises from 
the coincidence that the main sequence and horizontal 
branch overlap at the measured effective temperature 
Teff = 10, 500 K and surface gravity of the HVS. Thus 
the HVS could be either a BHB giant or a B9 main- 
sequence star. The intrinsic luminosities of these two 

1 Based on data from the MMTO 6.5m telescope and the FLWO 
1.2m telescope 
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types of stars differ by a factor of ~ 4, and thus the in- 
ferred distances to the HVS differ by a factor of 2. The 
distance is 39 kpc or 71 kpc if the HVS is a BHB star or 
main-sequence star, respectively. 

In order to search for photometric variability and so pin 
down its properties, we performed precise photometry of 
the HVS using the MMT 6.5m telescope. We describe 
our observations and data reduction in As we discuss 
in fj^l we find that the star is indeed variable, and we 
constrain the variability to be short-period (0.2 — 2 days) 
and low-amplitude (2 — 10%). Together with the mea- 
sured effective temperature, we argue in ^that this puts 
the HVS in the class of B9 main-sequence stars that pul- 
sate with periods of the order of one day , so-called slowly 
pulsating B (SPB) stars fWaelkens"1991'). Therefore, our 
observations resolve the two-fold ambiguity and indicate 
that the HVS is a main-sequence star with heliocentric 
distance of 71 kpc. We discuss the implications of this 
result in fjs] 

2. OBSERVATIONS AND DATA REDUCTION 

We obtained photometric data on the HVS during two 
nights (UT 2005 January 15, April 13) with the Mega- 
cam CCD camera (McLcod ct al. 2000) on the MMT 
6.5m telescope, and during four nights (UT 2005 Jan- 
uary 13,15-17) with the 1.2-meter telescope at FLWO. 
Using MegaCam we obtained 9 (7-band images on the 
first night, and 16 g-band and 9 r-band images on the 
second night. These high signal-to- noise ratio data were 
used to detect the variability of the star. The FLWO data 
were obtained in the y-band over 7 epochs, in order to 
constrain the amplitude of the variability. 

The raw images were reduced in the usual manner. 
Photometry was carried out using PSF-fitting photome- 
try with the package DAOPHOT II ( Stetsonil9 87. 1992). 
We used 15-30 reference stars to obtain the relative pho- 
tometry between different epochs. We roughly calibrated 
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Fig. 1. — Relative photometry of the hypervelocity star SDSS 
J090745.0+024507 (HVS). The black solid circles show the g-band 
magnitude of the HVS versus HJD-2450000. In the second panel 
the red open circles show the r-band data. The blue open squares 
show the photometry for the slightly fainter and nearby star SDSS 
J090751. 07+024534. 9. Note that the scales in both panels are the 



our relative photometry using Sloan Digital Sky Survey 
(SDSS) absolute photometry (A bazaiian et al. 2_005) of 
the nearby comparison star SDSS J09075 1.07+024534. 9. 

Figure^ shows the g-hand and r-band light curves for 
the HVS constructed from the MegaCam data. The g- 
band data from the two nights are shown in separate 
panels. The HVS is variable in the g-band, but shows no 
evidence for variability within the errors in the r-band. 
The g-band variability is certainly real, as evidenced by 
the photometry of the slightly fainter and nearby com- 
parison star SDSS J090751. 07-^024534.9, which is con- 
stant to within the errors (see Fig.^. 

The FLWO data are of considerably lower precision 
than the MMT data, with photometric errors of ~ 5 — 
10%, as compared to 0.5 - 1% for the MMT data. The 
FLWO data therefore do not provide strong constraints 
on the periodicity of the HVS's variability. As we explain 
in fjSJ these data are nevertheless very useful because they 
constrain the amplitude of the variability to be < 10%. 

3. ANALYSIS AND RESULTS 

Figure n shows that the HVS star is variable in the g- 
band. The RMS deviation over the ~ 3.5 hours of data on 
the second night is nearly 6 times larger than that of the 
comparison star. A constant flux fit to the g-hand data 
has = 155.9 for 24 degrees-of-freedom (dof), and so 
is a poor representation of the data. On the other hand, 
the r-band data are consistent with a constant flux, with 
= 4.5 for 8 dof. 

In order to constrain the period and amplitude of the 
variability, we flt the data to the model: 
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moj and (f)Q correspond to the magnitude zero point 
and phase at the error-weighted mean observation time, 
to - 2450000. = 3441.95357. We assume separate mag- 
nitude zero points moj for each data set j (MMT or 
FLWO). Fitting equation is equivalent to a Lomb- 
Scargle perio d ogram with a flo ating mean ljLomHn97(Tl: 
IScarglelfT98l ICv ' 



Jummmt 



I Hoi. 



where m{ti) is the magnitude of observation i taken 
at time ti, P is the period, A is the amplitude, and 



We search for fits at 

10^ equally-spaced steps in logP in the range —2 < 
log(P/days) < 2. 

If we fit only the MMT g-band data, we can only place 
a lower limit on the period and amplitude of the vari- 
ability, A > 2% and P > 0.2 days. This fact can be 
understood from inspection of the data in Figure Q The 
g-band data for both nights are nearly consistent with a 
simple linear decline with slope m ^ 0.4 mag/day. Thus 
the data can be approximately described by any model 
satisfying A ~ (27r)~^mP, for P much larger than the 
duration of the observations on any given night, ^ 3.5 hr. 

Fitting both the g-band MMT and V-hand FLWO 
datasets simultaneously constrains the period and am- 
plitude of the variability. We assume that the ampli- 
tude, period, and phase of the variability is the same 
in the g and V bands. Figure El shows the resulting 
periodogram, plotted as Ax^ = — Xmin versus P. 
We find a best-fit for P = 0.355188 ± 0.000021 days, 
A = 0.0280 ± 0.0033 mag, and (t)o = 2.98 ± 0.17, with 
X^in = 24.5 for 32-5=27 dof. The best-fit model is 
shown in Figure El together with both the MMT and 
FLWO data folded about the best-fit period. This fit is 
not unique. There are flanking aliases with periods sep- 
arated by 2.06 min, corresponding to an integer number 
of additional cycles between the ~ 88 days separating 
the two nights of the g-band data. There are also fits at 
periods of ~ 0.43 days and ~ 0.55 days that are equally 
good (Ax^ < 1). Finally, essentially all periods with 
P = 0.2 — 1.5 days are allowed at the 3(j level. 

Because the g-band data on any individual night show 
little curvature, only the slope is well constrained, and 
so the amplitude of the fit is correlated with the period. 
This is shown in Figure^l where we show the 1,2, and 3a 
allowed regions in the A — P plane. We see that longer 
periods require larger amplitudes. However, regardless 
of the best fit, we can rule out periods P < 0.2 days and 
> 1.5 days and amplitudes A < 2% and > 10%. 

The r-band data show no evidence for variability. 
Adopting the best-fit period and phase from the g and 
V-band data, the amplitude of the r-band variability is 
Ar < 0.016 mag at the 95% confidence level. 

4. THE HYPERVELOCITY STAR IS A SLOWLY 
PULSATING B-TYPE MAIN-SEQUENCE STAR 

The amplitude and period of the HVS's variability, 
as well as its effective temperature, are all consistent 
with the class of slowly pulsating B-type main-sequence 
stars first identified bv iWaelken^ l)1991t) . These stars 
are multi-periodic, non-radial pulsators with periods of 
P — 0.4 — 4 days, amplitudes of a few millimagni- 
tudes to a few percent, and effective temperatures of 
Tpff = 10, 000 - 20, 000 K. According to iWaelkens et"aLl 
l)1998j) the HVS would fall in the low temperature bound- 
ary of the instability strip calculated by Pamvatnvk3 
(199^ for SPBs. In fact, there is a striking similarity 
between th e HVS and the known SPB star HD45953, 
reported bv IWaelkens et aD l)1998fl . which is also at the 
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Fig. 2. — The difference in of a sinusoidal model fit to the 
HVS light curve from the minimum of the best-fit model with 
P = 0.355188 days, as a function of the period of the model. The 
upper panel shows the full range of periods searched and the lower 
is a zoom in the regime of most interest. 



Fig. 4. — The 1, 2, and 3a allowed regions (Ax < 
2.30,6.18,11.90) in the amplitude-period {A, P) plane for a sinu- 
soidal fit to the HVS light curve. The best fit is attained with 
P = 0.355188 ± 0.000021 days and A = 0.0280 ± 0.0033 mag, and 
is indicated by the cross. 




Fig. 3. — The photometry of the HVS is displayed as a 
function of phase angle, folded according to the best fit period 
P = 0.355188 days and with the zero point subtracted. The black 
points are the MMT g-band photometry for the HVS. The open 
circles are the 1.2-meter V-band photometry. Points are plotted 
twice for clarity. 



low temperature edge of the class with Toff = 11, 500 
K, P = 0.43 days, and M = 2.89 ± 0.07Mq llde CatI 
l2?)0l . SPB stars are also known to have lower ampli- 
tudes in redder bandpasses, with relative amplitudes that 
are consistent with the upper limit on the HVS's r-band 
variability of 0.016 mag. 

On the other hand, there is evidence that BHB stars 
do not vary at this level. Studying a predominantl y BHB 
cluste r with high precision photometry, Contrcra s et al.l 
^00^ found more than 200 RR Lyrae variables (with 
similar periods to the HVS), but no BHB s tars that 
showed significant variation. See lCatelanI l)2005(l for more 



discussion on the variability of HB stars. 

The fact that the HVS is variable with A = 2 - 10%, 
and that BHB stars do not vary at this level, implies 
that it is a main sequence star. Hence its temperature 
Teff ^ 10, 500A' indicates a luminosity of L ~ I6OL0, 
giving a distance of 71 kpc (Br own et al.il200^ . Using 
the reported velocity for the HVS (709 kms""'^) and as- 
suming its movement is only radial we obtain a travel 
time from the center of the galaxy of < 0.1 Gyr. For a 
3Mf7i B9 star, the evolutionary tracks of Schalle r et all 
l)1992tl give a main-sequence lifetime of 0.35 Gyr. 

5. SUMMARY AND DISCUSSION 

We have performed high-precision, time-series photom- 
etry of the hypervelocity star SDSS J090745. 0-1-024507, 
which shows that it is a low-amplitude, short-period vari- 
able. A sinusoidal fit to the light curve yields a best-fit 
period of P ~ 0.36 days and amplitude of ^ ~ 2.5%, 
however this fit is not unique and the exact values of 
the amplitude and period of the variation are poorly 
constrained. Nevertheless, the period and amplitude 
are constrained to be in the range A = 2 — 10% and 
P = 0.2 - 1.5 days. 

Together with the known effective temperature of 
Tcff — 10,500 K (spectral type B9), this variability 
implies that the HVS is a member of the class of 
slo wly pulsat i ng B-t ype main sequence stars identified 
by iWaelkeri^ l)1991|) . This identification resolves the 
previously-reported two-fold degeneracy in the luminos- 
ity and hence distance to the HVS. The HVS has a mass 
of ~ 3Mq, an age of < 0.35 Gyr, a heliocentric distance 
of ^ 71 kpc and a travel time from the Galactic center 
- 0.1 Gyr. 

The HVS can be used to probe the population of stars 
near the CBH in the Milky Way's recent past. The most 
plausible mechanism for creating hyper-velocity stars 
such as the HVS is a strong gravitational interaction with 
the Milky Way's CBH, perhaps as a member of a short- 
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period binary tha t was disrupted by the tidal field of the 
CBH iHnirMlYn fc TremaiTiell2nnl As such, the ex- 
istence of the HVS implies that young stars must have 
been present within ^ 0.1 pc of the CBH 0.1 Gyr ago. 
There is observational evidence for even younger stars 
with ages of ~ 1 — 10 Myr currently orbiting the CBH 
ijGhez et al.ll2003l: iGenzel et aLll2003(l at distances of < 
0.1 pc. The existence of such stars is puzzling, as strong 
tidal interaction with th e black hole should prevent l ocal 
star formation (but sec Le vin fc Beloborodovll2003l and 
iMilosavlicv ic fc Lo cb 2004), and yet these stars are un- 
likely to live long enough to be scattered into such close 
orbits. T hus the ex istence of young stars near the CBH 
today (G hez et alj f2003: Gcnzcl ct al. 2003), along with 
the inference from the HVS that they were also present 
~ 0.1 Gyr ago, may suggest that the mechanism for deliv- 
ering young stars to the CBH must be efficient and con- 
tinuous, which ma y in turn cons train the various models 
for such delivery iGenzel et alJl20mt iGhez et alJ 120051 
iGould fc Q uillen'2003 HHansen fc Milosa vlievicll200.'^ . If 
the HVS migrated to near the CBH from outside, its ex- 
pected MS lifetime 0.35 Gyr), implies the migration 
time must be < 0.2 Gyr. 

Assuming that the HVS is the ejected component of 
a binary that was tidally disrupted by the CBH, we 
can use its known mass and ejection velocity to place 
constraints on the properties of original binary, and 
on compa nion's current orbit about the C BH (see also 
iGualandri s. Portegies Zwart fc Sini'oil 1200,51) . Assuming 
a mass for the companion mi, we can determine that 
initial separation of the binary abm, and the periboth- 
ron q and eccentricity e of the companion's orbit aroun d 
the CBH (IGould fc Quil1erill2003llYu fc Trema,iriHl200l. 
We find that the eccentricity of the bound star's orbit is 
always high, ranging from e = 0.97 to e ~ 1 as an increas- 
ing function of mi. The binary separation atin and q in- 
crease with mi. For a companion with mi = 3 Mq (i.e. 
an equal-mass binary), we find ai,in = 0.69 AU, q=72.8 
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AU and e=0.98. The semimajor axis of the bound star's 
orbit about the CBH is ~ 3830 AU. 

The period of the companion of the HVS about the 
CBH will be of the order of ^ 100 yr. Furthermore, a 
~ 3 Mq main-sequence star at the Galactic center would 
have K ~ 18.5, over a magnitude fainter than the faintest 
stars for which accurate orbits are being measured in 
near-IR imaging studies of the G alactic center using 10m- 
class telescopes iScho del et "all 12003: Ghez et al. 2005). 
As a result, unless it happens to be near peribothron 
and massive, the companion to the HVS will probably be 
difficult to find. Assuming tidal disruption of binaries is 
the mechanism by which most HVS are formed, it may 
be difficult to link an observed HVS with its orbiting 
stellar companion. 

The fact that the HVS is an SPB star implies that it 
should be possible to study its properties in more detail 
with follow-up observations using asteroseismology. SPB 
stars show multi-periodic variability, with secondary pe- 
riod amplitudes that are of the same order as that of the 
primary period. This variabilit y is thoug ht to be due to 
non-radial g-mode pulsations l) WaelkensI 11991). Hence, 
the HVS should be targeted for more photometric data 
in order to unravel the possible different pulsation modes. 
Matching these g-modes would give additional and pre- 
cise information about the properties of the star. We are 
specially interested in HVS's age, since an independent 
measurement from asteroseismology would provide fur- 
ther evidence of its origin and history across the Galaxy. 
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